Abstract -Pollen is the main protein source for honey bees, and its quality and digestibility are important factors for bee health. We compared the effects of eight different mixed-pollen diets on queenless adult survival and physiology. The mixtures represented the pollen source for bees in a natural environment. They consisted of three to five familial pollen types, and the protein percentage varied from 8.4 to 18.1 %. The mixtures that contained mainly Asteraceae pollen were less consumed and enhanced bee mortality, suggesting that this pollen type offers poor nutritional quality and assimilation for the bees. All pollen diets promoted ovarian activation, but among the pollentreated groups, the percentage of bees with activated ovaries was not related to the protein content of the diet, which suggests that ovarian activation may also depend on other nutrients. Survival was also positively correlated to the vitellogenin levels in the hemolymph. Our results showed that the amount of protein consumption and the pollen type influenced bee survival and physiology.
INTRODUCTION
Honey bees (Apis mellifera L.) play an important role in biological communities as pollinators and have immense economic and ecological impact on crops and wild plants (Morse and Calderone 2000) . Therefore, studies on honey bee health at the individual and colony levels are important. Several factors negatively impact bee and colony health, including pathogens (Cox-Foster et al. 2007 ), parasites such as Nosema microsporidia (Higes et al. 2009 ), pesticide exposure (Sanchez-Bayo and Goka 2014), poor nutrition (Brodschneider and Crailsheim 2010) , and the interactions of these factors (Potts et al. 2010) . Nutrition deficiency and starvation are likely contributing reasons for colony losses around the world (vanEngelsdorp et al. 2009 ).
Angiosperm plant pollen and nectar are essential food sources for bees (Haydak 1970) . Nectar is a carbohydrate source, whereas pollen is the primary protein source. In addition, pollen is also composed of carbohydrates, lipids, and various vitamins and minerals .
The pollen protein content from different plant species and regions varies widely (2.5-61 %; , which yields different nutritive values for bees. Moreover, pollen digestion by bees may also vary among plant species. For example, the percentage of empty grains in the bee rectum was higher for pollen from Castanea (Fagaceae) than that from Trifolium (Fabaceae) (Crailsheim et al. 1992 ). These differences may be due to the differences in the pollen wall layer composition. The most superficial layer is the Electronic supplementary material The online version of this article (doi:10.1007/s13592-015-0373-y) contains supplementary material, which is available to authorized users.
pollenkitt, which consists of lipids, proteins, and sugars. The next outer layer is the exine, which is composed of sporopollenin. The innermost layer is the intine and consists mainly of cellulose and pectin. In order to access the nutrient-rich cytoplasm, the bee must dismantle these layers surrounding it (for review .
The availability, quality, and diversity of the pollen diet translate into the nutrients available to the colony and reflect bee health. Pollen quality can affect bee longevity (Schmidt et al. 1987) , ovarian activation (Hoover et al. 2006; Human et al. 2007; Pirk et al. 2010) , larva body size (Tasei and Aupinel 2008) , and physiological metabolism (Alaux et al. 2011; Di Pasquale et al. 2013) , whereas pollen diversity likely also plays an important role in immunity (Alaux et al. 2010; Di Pasquale et al. 2013) .
Our research has focused on the influence of pollen quality (usually measured as protein content) and diversity (pollen-type composition) on the physiology and health of queenless adults. Pollen is mainly consumed by nurse bees and promotes development of the hypopharyngeal glands, the fat body, and the ovaries of these bees (Maurizio 1954; Dustmann and von der Ohe 1988) . Ingestion of pollen or other protein-rich food is reflected in high protein levels in the hemolymph, which is often accompanied by high levels of storage proteins, such as vitellogenin (Vg), the yolk protein, and hexamerins (Hex) (Bitondi and Simões 1996; Cremonez et al. 1998; Martins et al. 2008; Di Pasquale et al. 2013) . These proteins are synthesized in the fat body and secreted into the hemolymph where they accumulate. Under queenless conditions, several workers activate their ovaries and lay haploid eggs (Velthuis 1970) . The growing oocytes sequester Vg, which is incorporated into the yolk during vitellogenesis (Engels et al. 1990 ). Hex levels likely play a role in reproduction because they positively correlate with ovarian activation in queenless workers (Martins et al. 2008; . A link between pollen nutrition and ovarian activation was demonstrated in queenless workers exhibiting high or low levels of ovarian activation when fed high-or low-pollen diets, respectively (Hoover et al. 2006) . Similarly, Human et al. (2007) showed that nourishment through highquality pollen diets stimulates ovarian activation and egg development in honey bee workers.
Here, we used eight pollen mixtures collected by the honey bees in a natural environment to better understand the effects of a pollen diet on bees. We compared the quality and pollen-type composition of these diets and determined their impact on adult queenless bee survival, storage protein (Vg and Hex) synthesis, and ovarian activation. Studying the nutrition of pollen sources with different botanical origins may identify the best pollen types to enhance development and health.
MATERIALS AND METHODS

Collection and analysis of bee pollen
Bee pollen was collected using special pollen traps from Africanized A. mellifera hives in the Apiary of the Federal University of Jequitinhonha and Mucuri Valleys, Diamantina, Brazil. This apiary is located in a natural environment in a Brazilian savanna area (BCampos Rupestres^, high-altitude rocky fields). The bee pollen loads were collected during the dry and wet seasons from 2009 to 2010 and then stored at −20°C until use. The mixed pollen loads in a collection are referred to here as mixtures. Eight pollen mixtures were used for the treatments, and certain mixtures (mixtures 5 and 8) were hand-sorted by color to proportionally increase the amount of one or fewer pollen types. These mixtures were selected because they represent the pollen source for bees in the summer (wet season) and winter (dry season) in a natural environment. From the mixtures, a portion was separated for pollen-type identification and for measurement of the protein levels, and the remainder was used for the feeding treatments. The pollen spectrum of the mixtures was determined by examining microscope slides prepared using acetolyzed pollen grains in accordance to Erdtman's method (Erdtman 1960) , in which nine parts acetic anhydride to one part concentrated sulfuric acid was used. The pollen type was identified using our reference collection of the local flora and a catalog of pollen grains of the Brazilian savanna (Bastos et al. 2000) . The frequency of each pollen type was measured by counting 100-500 pollen grains per slide (three slides mounted for each pollen sample). The nitrogen content was measured in 1 g of each pollen mixture using the Kjeldahl method (IAL 2008) . The total nitrogen derived from the analysis was converted into protein by multiplying by 6.25.
Caged bee experiments
Two experiments were performed using the adult Africanized honey bees. Experiment 1 was carried out in summertime (January 2010) using bees from three colonies maintained in the apiary of the University of São Paulo, Ribeirão Preto, Brazil. Experiment 2 was carried out in wintertime (May 2010) using bees from two colonies in the apiary of the Federal University of Jequitinhonha and Mucuri Valleys, Diamantina, Brazil. In both experiments, frames of sealed brood were kept in an incubator (34°C, 80 % relative humidity) where worker bees emerged. The newly emerged bees (0-16 h) from the different colonies were mixed and randomly separated into groups for subsequent treatment.
In experiments 1 and 2, six and four groups of 40 newly emerged bees were used, respectively. These groups were separately confined in 8 × 11× 13-cm screened wooden cages, where they were maintained for 21 days in an incubator (34°C and 80 % RH) under dark conditions. During this period, these bee groups were fed one of the following diets: (1) syrup prepared with 50 % sugar in water (control) or (2) one of the mixtures of bee-collected pollen in the proportions 30 % pollen mixture and 70 % sugar (pollen and sugar were mixed until a dough was created). In experiment 1, each of the five groups received mixtures 1 to 5, and in experiment 2, three groups received mixtures 6 to 8. Tap water was provided ad libitum to all groups.
In both experiments, each pollen-treated group received water in a 2.0-ml vial for each cage and 1.5 g of the pollen diet. The water and food were replaced daily, and uneaten food was weighed to calculate the food and protein consumption. The control group received only water and syrup in a 2.0-ml vial. The dead bees were scored and removed from the cages each day.
After 9 and 21 days of treatment, the control and pollen-treated bees were randomly collected for hemolymph extraction and ovary status examination. We collected after 9 and 21 days of treatment to investigate the short-and long-term effect of the pollen mixture diet. It is known that workers started to lay eggs 4 to 7 days after removal of the queen (Makert et al. 2006 ). As we aimed to investigate the influence of various sources of pollen on ovarian activation, 9 days of treatment was enough time to observe ovarian activation in queenless workers. Twelve to 18 bees were collected after 9 days of treatment and 3 to 18 bees were collected after 21 days. The number of samples from some groups was reduced due to the mortality after 21 days. The hemolymph samples were collected using a micropipette after making an incision in the abdominal cuticle, and they were then stored at −20°C until use. The hemolymph samples from three to four workers for each treatment were pooled. Each pool was considered a sample, and one to four samples were collected for each treatment. The ovaries were examined after the hemolymph sampling. The ovaries were classified as nonactivated if the ovarioles were slender and devoid of growing follicles, and the ovaries were considered activated if they contained growing follicles. The ovaries were categorized as stage I, with swollen ovarioles with visible vitellus but without distinct oocytes, stage II, with ovarioles containing distinct but immature oocytes, or stage III, with fully activated ovaries with mature oocytes. Non-activated ovaries and stages I, II, and III of activation were comparable to the previously categorized stages 1, 3, 4, and 5 (Hess 1942).
Hemolymph protein profile using SDS-PAGE
One-microliter hemolymph aliquots from pools were analyzed using SDS-PAGE. Electrophoresis was performed at 15 mA as described previously (Laemmli 1970 ) using 7.5 % polyacrylamide gels (100×100× 1 mm). After electrophoresis, the gels were stained with a Coomassie Brilliant Blue solution. The band intensities were quantified via densitometry using the Carestream Molecular Imaging software 5.x (Carestream Health, Inc.).
Statistical analysis
The amount of food and protein consumed per bee and the protein levels in the hemolymph were analyzed using one-way ANOVA and the Holm-Sidak test for post hoc comparisons. When the normality assumptions for ANOVA were not fulfilled, the analyses were performed using the Kruskal-Wallis test and Dunn's test for post hoc comparisons. Survival analyses were performed using a Kaplan-Meier log-rank test, considering the censored data of the bees that were alive at the end of study as well as the bees removed after 9 days for hemolymph extraction and ovary examination. The Pollen nutrition and honey bee health chi-square test was used to analyze the proportions of bees with activated (independent of the stage) and nonactivated ovaries between treatments and controls and between 9-and 21-day-old bees. Spearman correlations were calculated to determine the relationship among the mean survival of bees based on the Kaplan-Meier analyses, average food and protein consumption per caged adult bee, percentages of Asteraceae and Myrtaceae in the mixture (these pollen types were selected because they were the most frequent and/or present in most mixtures), pollen diversity (number of pollen types), average Vg and Hex titers, and the percentage of bees with activated ovaries. For the correlations, experiments 1 and 2 were analyzed together. The analyses were performed using Jandel SigmaStat 3.1 software (Jandel Corporation, USA).
RESULTS
Pollen diet analysis
The diets were analyzed for pollen type and protein content in all mixtures (mixtures 1 to 8) prepared to feed the bees. The mixtures consisted of three to five familial pollen types (Table I) . Based on the pollen morphotypes, the mixtures varied from 5 (mixture 6) to 12 (mixture 3) different types. The protein percentages in the mixtures varied from 8.4 to 18.1 %, and the Asteraceae, Myrtaceae, and Moraceae pollen types were the most frequent (Table I) .
Influence of pollen nutrition
on survival, ovarian activation, and hemolymph storage protein (Vg and Hex 70) levels in queenless workers
To determine whether the group of bees consumed the same amount of pollen, we measured the volume of food consumed daily. Consumption of mixture 1 was lower than that of mixture 2 in experiment 1 (one-way ANOVA, post hoc HolmSidak, p =0.003), and in experiment 2, the consumption of mixture 8 was lower compared to that of mixture 6 (one-way ANOVA, post hoc HolmSidak, P =0.002) (Online Resource 1). Bees fed mixtures 2 and 4 ingested more protein than the bees fed the other mixtures in experiment 1 (oneway ANOVA, post hoc Holm-Sidak, P ≤0.01), and in experiment 2, the bees fed mixture 6 ingested more protein than the bees fed mixtures 7 (one-way ANOVA, post hoc Holm-Sidak, P ≤ 0.01) and 8 (one-way ANOVA, post hoc HolmSidak, P =0.014) (Online Resource 1).
The influence of different pollen mixtures on a d u l t s u r v i v a l w a s f u r t h e r e x a m i n e d (Figure 1a, b) . The bees fed mixture 1 exhibited the highest mortality compared with the other diets (control or pollen mixtures) in experiment 1 (Kaplan-Meier log-rank test, for all comparisons P <0.01; Figure 1a ). The bees fed mixtures 2 and 4 exhibited better survival than the bees fed mixture 5 (Kaplan-Meier log-rank test, mixture 2 versus 5, P =0.025; mixture 4 versus 5, P =0.028) but did not compared to the controls (KaplanMeier log-rank test, control versus mixture 2, P =0.283; control versus mixture 4, P =0.256) and bees fed mixture 3 (Kaplan-Meier log-rank test, mixture 2 versus 3, P =0.246; mixture 4 versus 3, P =0.217). Mixture 8 resulted in higher mortality compared to all other groups in experiment 2 (Kaplan-Meier log-rank test, for all comparisons P <0.01; Figure 1b) .
We then explored the relationships between diet (pollen nutrition) and ovarian activation. Because the worker bees used in this study were maintained without a queen, certain workers activated their ovaries. In both experiments 1 and 2, ovarian activation was only observed in bees fed pollen (Figure 2) . Older bees showed proportionally more ovarian activation than young bees in experiment 1 (9-versus 21-day-old bees; experiment 1, χ 2 =7.426, degree of freedom (d.f.)=1, P =0.006; experiment 2, χ 2 =1.385, d.f.=1, P = 0.239). Comparing only the bees fed pollen, no significant differences were observed among the bees fed mixtures, except the lowest ovarian activation observed in 9-day-old bees fed mixture 4 in experiment 1 (mixture 4 versus 1 and 2, χ 2 = 3.282, d.f.=1, P =0.07; mixture 4 versus 3, χ 2 = 3.800, d.f.=1, P =0.05; mixture 4 versus 5, χ 2 = 9.309, d.f.=1, P =0.002). Ovarian activation at the highest level (stage III) was observed in the 9-day-old bees fed mixes 2 and 5 (in experiment 1) and mixture 6 (in experiment 2), as well as the 21-day-old bees fed mixes 4 and 5 (experiment 1) and mixture 8 (experiment 2) (Figure 2 ).
We also investigated the abundance of Vg and Hex 70 proteins in the hemolymph from bees fed the different diets. In experiment 1, 9-day-old bees fed the pollen mixtures showed the highest levels of Vg compared to the control (syrup) group (oneway ANOVA, post hoc Holm-Sidak, P <0.001), except the bees fed mixture 5 (one-way ANOVA, post hoc Holm-Sidak, P =0.669) (Figure 3a, b) .
In experiment 2, 9-day-old bees fed mixture 6 showed higher levels of Vg compared to the control (one-way ANOVA, post hoc Holm-Sidak, P =0.003) (Figure 3a, b) . The highest levels of Hex 70 were observed in the bees fed pollen mixtures in experiment 1 (one-way ANOVA, post hoc Holm-Sidak, P <0.01) but not in the bees fed mixture 5 (one-way ANOVA, post hoc Holm- ** ** ** ** ** ** ** ** ** ** ** ** ** ** Sidak, P =0.405) (Figure 3a, c) . Control older bees (21 days old) exhibited lower levels of Vg (t test=30.508, d.f.=3, P <0.001) and Hex 70A (t test=7.106, d.f.=3, P =0.006) in the hemolymph compared to the control 9-day-old bees in experiment 1 (Figure 3b, c) . Conversely, older bees fed pollen exhibited increased Vg (experiment 1, Kruskal-Wallis, post hoc Dunn's test, P =0.023, and experiment 2, one-way ANOVA, post hoc Holm-Sidak, P =0.006) and Hex 70 (experiment 2, one-way ANOVA, post hoc Holm-Sidak, P <0.001) levels (Figure 3b, c) .
A positive correlation was observed between the average survival and the average amount of protein consumption (9 days old r =0.683, P = 0.047; 21 days old r =0.762, P =0.021), and a negative correlation was observed for the average survival and percentage of Asteraceae in the mixture (9 days old r =−0.719, P =0.037; 21 days old r = −0.786, P =0.025) (Online Resource 2). A negative correlation was observed for the average amount of food consumption and the percentage of Asteraceae (9 days old r =−0.857, P =0.002). The percentage of Myrtaceae in the mixtures was positively correlated with mean survival (9 days old r =0.850, P =0.002). The average survival was also correlated with the Vg amount in 21-day-old bees (r =1, P <0.001). The average titers of Vg and Hex 70 were positively correlated in 9-day-old bees (r =1, P < 0.001). The average amount of consumed food was correlated with the average Vg and Hex 70 titers in 21-day-old bees (for both proteins, r =0.893, P <0.001). The percentage of bees with activated ovaries was not correlated with any parameter tested (Table S1 ).
DISCUSSION
In this study, we evaluated the survival and physiology of adult queenless bees fed different mixed pollen diets. The results show that the pollen-type composition and nutrition quality of the diet influenced bee physiology and health.
The diets offered to the bees consisted of pollen collected by foragers in a BCampos Rupestres( high-altitude rocky fields) physiognomy. In this physiognomy, the vegetation comprised many plant species (Rapini et al. 2008) , and the quality of the bee-collected pollen was analyzed in this natural environment. The majority of the pollen mixtures provided to the bees primarily consisted of Asteraceae, Moraceae, and Myrtaceae as the most abundant pollen types, which indicates that they were preferentially collected by the foragers. In general, the protein amount in the mixtures from the dry and wet seasons was relatively low compared to the protein levels of several familial types .
The adult bees from different sources reared in different seasons (experiments 1 and 2) responded similarly to the pollen quality and type. The mean survival was positively related to the mean amount of protein consumed per bee and negatively related to the percentage of Asteraceae in the mixture. In fact, low survival was observed in adult workers provided diets containing Asteraceae (mixtures 1 and 8) as the most abundant pollen type. This pollen type was also unpalatable to the bees because food consumption was negatively correlated with the percentage of Asteraceae in the mixture (Online Resource 2), resulting in lower ingestion of protein. The protein content is commonly used to measure pollen quality. The protein levels of Asteraceae pollen are usually low compared with other familial pollen types . However, the protein percentage of the Asteraceae diets used in this study varied from the lowest (8 %, mixture 5) to the highest (18 %, mixture 8) levels. The amounts of essential amino acids are also a factor for measuring pollen quality. The pollens from dandelion (Asteraceae) and sunflower (Asteraceae) are deficient in several essential amino acids, and because of this, they are considered poor pollen for bees (Loper and Cohen 1987; Nicolson and Human 2013) . Moreover, the nutritional value of pollen for bees also depends on their digestion, and Asteraceae pollen has low rates of digestion (Peng et al. 1985; Human et al. 2007) . Asteraceae pollenkitt or chemicals therein may interfere with its digestion and result in low digestion efficiency and nutrient assimilation in honey bees (Human et al. 2007) and solitary bees (Williams 2003; Praz et al. 2008) . Therefore, the pollen structure and amino acid composition of Asteraceae associated with its low ingestion, and consequently low protein ingestion, may be responsible for the decreased survival. By contrast, bees fed a diet with Myrtaceae as the most abundant pollen type showed greater survival (positive correlation with mean survival in 9-day-old bees; Online Resource 2), which suggests that this pollen type offers better nutritional digestibility and assimilation to the bees.
Pollen, as the main protein source for bees, may vary in morphology and consequently in its digestion and chemical composition, which influence ovarian activation (Pernal and Currie 2000; Human et al. 2007 ). In our experiments, only bees fed pollen mixtures showed activation of ovaries. Ovarian activation was observed as early as 9 days after treatment, and the percentage of bees with active ovaries was higher after 21 days. However, there is no correlation between nutrition, such as the pollen composition and protein content of the diet, and the percentage of bees with activated ovaries. These results suggest that ovarian activation may also depend on other pollen nutrients, such as lipids and carbohydrates. The importance of an optimal balance of nutrients for survival and ovarian activation in honey bees was previously described (Altaye et al. 2010; Pirk et al. 2010) . They studied artificial diets comprising various protein to carbohydrate proportions and observed longer survival in bees fed a lower protein/carbohydrate ratio, but higher ovarian activation was observed on royal jelly diets, mainly due to the presence of other nutrients in addition to protein.
Interestingly, a high percentage of 21-day-old bees fed mixture 4 showed activated ovaries, overcoming the low-activation ovaries in 9-dayold bees compared to the other groups. These data indicate that the relationship between food and ovarian activation also depends on the age of the bee and treatment period.
Increased Vg synthesis is observed in workers with activated ovaries, and this protein is incorporated into the growing oocytes (Engels et al. 1990 ). Furthermore, Hex 70a levels also increase in these workers, which suggest a role in reproduction (Martins et al. 2008; . We also observed higher levels of Vg and Hex 70 in pollen-treated groups with bees showing activated ovaries compared to the control bees. Moreover, we observed higher levels of Vg and Hex 70 in 21-day-old queenless workers, when the bees showed greater ovarian activation.
Vg (Bitondi and Simões 1996) and Hex 70a (Martins et al. 2008 ) accumulation in adult honey bee worker hemolymph also depends on the amount of proteins that they consume, resulting in low levels of Vg and Hex if there is a lack or shortage of pollen in the diet. The relationship between these storage proteins levels and the amount of protein consumption was observed in 21-day-old bees, supporting the hypothesis that a proteinaceous diet promotes higher levels of storage proteins in the hemolymph. A positive correlation was observed between the mean Vg levels and mean survival in 21-day-old bees (Online Resource 2). This result confirms the importance of this protein for worker longevity (Nelson et al. 2007 ).
In conclusion, this study reports that the pollen diet quality influences bee physiology and survival. The amount of protein consumption influences adult survival, and certain pollen types are more detrimental than others. Bees fed mixtures with Asteraceae pollen as the main pollen showed decreased survival compared to other mixtures, which indicates that pollen morphology and chemical composition may contribute to its nutritional quality. Nutritional studies using pollen collected by the bees are important for determining the availability and diversity of resources in areas where bees pollinate, as well as for evaluating the consequences for bee health. Effects of pollen mixtures on adult storage protein levels. Vg and Hex protein expression in the hemolymph of caged adults fed syrup (control) or one of the pollen mixtures (mixes 1 to 5 in Experiment 1 and mixes 6 to 8 in experiment 2) after 9 and 21 days of treatment. a Coomassie Brilliant Blue-stained SDSpolyacrylamide gel representative of one sample. Each sample corresponds to a pool of hemolymph from four bees. b , c The graphs represent arbitrary densitometry units (DU) derived from expression of the proteins Vg and Hex in one to four samples (one sample is shown in a ). Each sample corresponds to a pool of hemolymph from four bees, except samples from 21-day-old bees (mixes 3, 5, 6, and 7) with pools of hemolymph from three bees. The number of samples is indicated in the bar graphs. Data shown as mean values±SE. An asterisk indicates that no sample was analyzed. Two asterisks indicate that protein levels were significantly different compared to the control group (one-way ANOVA and Holm-Sidak post hoc test; P <0.05). Three asterisks indicate that the protein levels were significantly different between groups of 9-and 21-day-old bees (one-way ANOVA and Holm-Sidak post hoc test in b experiment 2 and c experiment 2 and Kruskal-Wallis and Dunn's post hoc test in b experiment 1; P <0.05).
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